The application of thermodynamics is simple, even if the theory may appear intimidating. We describe tools, developed over recent years, which make it easy to estimate often elusive thermodynamic parameter values, generally (but not exclusively) for ionic materials, both solid and liquid, as well as for their solid hydrates and solvates. The tools are termed volume-based thermodynamics (VBT) and thermodynamic difference rules (TDR), supplemented by the simple salt approximation (SSA) and single-ion values for volume, V m , heat capacity, C p , entropy, S 298 , formation enthalpy, D f H1, and Gibbs formation energy, D f G1. These tools can be applied to provide values of thermodynamic and thermomechanical properties such as standard enthalpy of formation, D f H1, standard entropy, S 298 , heat capacity, C p , Gibbs function of formation, D f G1, lattice potential energy, U POT , isothermal expansion coefficient, a, and isothermal compressibility, b, and used to suggest the thermodynamic feasibility of reactions among condensed ionic phases. Because many of these methods yield results largely independent of crystal structure, they have been successfully extended to the important and developing class of ionic liquids as well as to new and hypothesised materials. Finally, these predictive methods are illustrated by application to K 2 SnCl 6 , for which known experimental results are available for comparison. A selection of applications of VBT and TDR is presented which have enabled input, usually in the form of thermodynamics, to be brought to bear on a range of topical problems. Perhaps the most significant advantage of VBT and TDR methods is their inherent simplicity in that they do not require a high level of computational expertise nor expensive highperformance computation tools -a spreadsheet will usually suffice -yet the techniques are extremely powerful and accessible to non-experts. The connection between formula unit volume, V m , and standard thermodynamic parameters represents a major advance exploited by these techniques.
Introduction
Consider what obliges one to attempt to estimate the properties of a known inorganic material or predict the properties of an as-yet unprepared material. Examine the complexities! There are about 100 chemical elements, which combine to form about 100 million already-known compounds, of which some 10% could be classified as inorganic/mineral. 1 There remains an almost limitless range of possible combinations as yet unexplored. By contrast, the most comprehensive current crystallographic databases report data on only about one million of these organic compounds and on only about one-quarter of a million inorganic compounds. 2 Ionic liquids are combinations of such a broad range of cations and anions so that the in-principle possible number of such liquids is of the order of 10 18 (although the realistically possible number is orders of magnitude smaller) -already, some 1000 have been reported in the literature. 3 On the other hand, thermodynamic data is available for only some 30 000 compounds, of which about 60% (20 000) are inorganic (see ESI † for a list of thermodynamic data compendia). Thus, the chance of finding the property data one seeks is miniscule; add to this, the need to obtain data on as-yet unprepared material, such as might be required for a proposed synthesis. As a consequence, a number of simple empirical rules have been developed for a variety of thermodynamic properties (see Table 1 ).
The most basic data that needs to be obtained for this essentially unlimited set of materials is thermodynamic because such data informs us of the stability of the materials, our ability to synthesise them, and to maintain their integrity. In the absence of published data, the question then arises as to how one should proceed in order to obtain that data.
The most fundamental approach would be through quantum mechanical (QM) calculation, 10 where one considers in detail how the fundamental particles of which a material consists, such as atoms and electrons, interact with one another through electrostatic forces, charge transfer, van der Waals (dispersion) interactions, electron correlation, and so forth. While such an approach has yielded important results, it is complex, uses expensive computation facilities, and requires considerable expertise in both application and interpretation. At a somewhat simpler level, density functional theory (DFT) 11 has reduced the complexity of QM methods and, hence, their cost by relating the energetics to the more readily computable electron density of the material and using functions of the electron density function (that is, functionals) to derive experimentally observable results. DFT has found increasing favour in recent years in providing useful results but difficulties remain in dealing with dispersion and electron correlation. Thus, in stark contrast to the VBT approach, these QM approaches require considerable expertise to execute and interpret reliably. A rational response has been to collect data on related materials and use that data to extrapolate (or interpolate) in order to estimate the properties of the material under investigation. We illustrate this approach in some general terms first, and then focus on an approach which we have termed volume-based thermodynamics (VBT) 12, 13 together with the thermodynamic difference rule (TDR), 9,14-16 both of which we and colleagues have developed and fostered over the last two decades. These empirical procedures have proven to have great generality and utility, and have been widely implemented for ionic solids and liquids, 17 as also illustrated in a list of applications in the final section of this paper. One further very successful method is the ''Simple Sum Approximation'' (SSA) 18 where the thermodynamic properties of a complex ionic, such as MgSiO 3 , is treated as a sum of its components, being the oxides MgO and SiO 2 in this case. Prediction basically relies on the combination, through the Gibbs relation, of enthalpy, H, and entropy, S, contributions:
VBT and TDR provide estimates of values of standard enthalpy, D f H1, standard entropy, S 298 , and hence, via eqn (1) lead to the prediction of D f G1 for individual materials as well as D r G1 for a reaction of interest. It is often of little concern that such estimates may not be highly precise, since the purpose of thermodynamic prediction may, in many instances, simply be one of assessing synthetic feasibility or otherwise, i.e., simply whether D r G is negative (feasible) or positive (infeasible in principle, although a small positive value, say B20 kJ mol À1 ,
does not preclude formation of useful proportions of product which can be extracted from the reaction system). 20 by other terms to allow for the interactions between and among groups. (An extensive list of group methods is presented in our ESI. †) The most developed of these are termed Benson group methods. 25 In order to permit broad application of the methods, it has been necessary to develop hundreds of group terms, with the further complication of the necessity for the user to identify suitable groups within the material under consideration. Many computer programs incorporate these methods, often as preliminary steps to a more complex analysis. The NIST WebBook 26 provides a free service which implements the Benson group additivity scheme for gas-phase organic molecules. Group methods have also been developed for ionic systems, by identifying constituent cations and anions whose properties are summed to provide the overall property value sought. The results are most reliable when based on related materials. In general, these methods have not received wide acceptance.
Volume-based thermodynamics
Early thermodynamic property-size relations were generally based upon ion radii since the alkali metal and halide monatomic ions of the most important alkali halides are spherical and radius, which could be quite readily established from X-ray data, was the most obvious measure of relative ion size. An important equation in this context was the Kapustinskii relation 27 for lattice potential energy, U POT :
where z + , z À /electron units are the integer charges on the cations and anions, respectively, n is the number of ions per formula unit, r is a compressibility constant (usually chosen as r = 0.345 nm), hri is the sum of the cation and anion radii (which is often equated to the shortest cation-anion distance found in the lattice), and A (=121.4 kJ mol À1 nm) is an electrostatic constant. While the contact distance, hri, between cation and anion is a straightforward sum for simple ions, it becomes ill-defined when complex ions are present. In addition to this conceptual problem, the Kapustinskii equation cannot be applied beyond binary materials because (i) there is no , and (ii) using a generalisation of the charge product 33 into an ionic strength factor-type summation, I:
where n i = number of ions of type i in the formula unit. Scheme 1 summarises the processes and equations which use material volumes to produce thermodynamic values.
Lattice energies for a large database of simple ionic solids could be reliably correlated using this linear VBT function:
where a and b are empirical constants which differ depending on stoichiometry, and have been determined by fitting to extensive experimental data. 32 It is noteworthy that the fitted constant, a, is found always to be close in value to the electrostatic factor, A, in eqn (2), above. Equivalent equations may be couched in terms of density, r m , and formula mass, M m :
where B is a combined constant. For lattice energies greater than 5000 kJ mol
À1
, which includes most minerals, a limiting version 35 of this equation exists which contains no empirical constants whatsoever and yet satisfactorily predicts lattice energies up to 70 000 kJ mol À1 and probably beyond:
Lattice energy is readily converted to lattice enthalpy 36 (as it needs to be if it is to be included in an enthalpy-based thermochemical cycle such as that in Fig. 1 below) using the equation: where D L H is the lattice enthalpy, n is the number of ion types in the formula unit, s i is the number of ions of type i, and c i is defined according to whether ion i is monatomic (c i = 3), linear polyatomic (c i = 5), or nonlinear polyatomic (c i = 6). Using these approaches, it becomes simple to evaluate the lattice energies, U POT (and enthalpies of formation, D f H1, via the Born-Haber-Fajans relation) of ionic solids.
Thermodynamic difference rule (TDR)
The thermodynamic difference rule, TDR, is a complementary set of procedures which utilizes additive connections among related materials.
9,12-16 Scheme 2 shows the steps by which TDR is usually applied. The technique is extremely powerful as a result of its ability to enable estimates to be made of thermodynamic data not otherwise available.
Thus, various thermodynamic state properties may be estimated as, for example, the lattice energies of hydrates using the thermodynamic difference rule relation:
with y U (H 2 O) = 54.3 kJ mol À1 , as empirically determined. Table 2 lists values for the fitted constants for various groups of materials, while Table 3 lists values pertaining to the hydrate TDR rules. TDR constants for other solvates may be found in Table 1 in the literature referenced. 9 An important recent paper considers the thermodynamics of hydration in minerals. 37 
Room-temperature ionic liquids
Room-temperature ionic liquids (RTILs) [38] [39] [40] [41] can replace organic solvents used for the dissolution of both polar and non-polar solutes and for processing or extraction of materials, while also having useful catalytic features. 42 ILs are low-polluting, with low combustibility, good thermal stability and low vapour pressures. They have high viscosities, and their liquid range can often cover several hundred degrees. The range of their applications has been extended by use of mixtures of IL's 43 and as supercritical fluids. 44 As their name implies, they are usually liquid at ambient temperatures and consist solely of ionic species. In order to reduce the lattice energy of their crystalline state and hence their melting point, one or sometimes both of their cations and anions need to be large and their cations also often have low symmetry. The cations are generally organic with long-chain features and buried charges, such as the pyrollidinium, methylimidazolium and pyridinium cations (see Fig. 2 have diffuse charges. Since there are, as noted above, many possible combinations of cation and anion, it becomes possible to consider designing ionic liquids to purpose. Although early QSAR predictions [45] [46] [47] were not always regarded as satisfactory, 48 molecular volume 49 has emerged as an important observable. Thus, Glasser 38 has estimated a VBT-based entropy for ionic liquids, derived from correlations for both inorganic solids and organic liquids: in order to emphasize lack of reliance on any experimental input at all, this group has introduced the term ''augmented volumebased thermodynamics''.
An explanation for the simple volume relations
The striking simple relations to volume involved in VBT, almost independent of structure, upon which we have reported invite some explanation. We suggest that the bulk thermodynamic 
from which the thermodynamic property, P, is calculated. Finally, the thermodynamic property value, y P (L, s-s), of the addend or solvent (which may be water) is added (where ''s-s'' represents that the difference, y P , between materials each in the same phase, often solid). properties derive from the interactions between the particles involved (complex ions or even molecules) rather than within those particles. 60 For ionic materials, the interactions are largely coulombic (electrostatic or Madelung energies) with lesser contributions from specific repulsion and van der Waals-type interactions so that (to the approximation inherent in our correlations) the interactions are similar, independent of the specific species involved and also independent of structure. At this level of approximation we have found that the thermodynamic values that emerge prove adequate, in the majority of cases, for deciding questions of alternative synthetic routes for the preparation of inorganic materials. 
Mean absolute error (%)
Heat capacity, Table 3 Thermodynamic difference values, y P , for hydrates for property As we have noted above, an important consequence of the independence of structure is that these relations apply equally to pure liquids as to solids, so that they can be applied to the increasingly important class of ionic liquids. 38 
Madelung energies -for known structures
The coulombic (or Madelung) energy, E M , of a material of known structure is readily calculated by means of standard computer programs, such as GULP 61 and EUGEN. 62 This energy corresponds to separating the constituent ions into independent gas phase ions against coulombic forces only. We have observed 63 that the resulting Madelung energy is closely related to the corresponding lattice energy, in the form
Eqn (14) thus provides a further simple direct means for obtaining lattice energies, apart from VBT. However, the Madelung calculation comes into its own when applied to an ionic system with structures containing covalently-bonded complexes, such as K 2 
From these values, we can determine a formation energy for the ''condensed ion'' complex (see example below).
Isomegethic rule
Our isomegethic (''equal size'') rule 24 states that ''ionic salts of the same empirical chemical formula having identical charge states (i.e., lattice ionic strength factors, I) will have approximately equal formula unit volumes, V m .'' Since I, V m and stoichiometry are then approximately identical, isomegethic compounds will have almost identical lattice potential energies too.
As an illustration, consider the relation:
and hence:
Good examples of the scope of the isomegethic rule in providing multiple estimates for the volumes of ions are given in detail in ref. 24 and 64. Relations of this kind provide enormous scope for estimation of formula unit volumes and lattice energies, which is especially useful for hypothesised materials. If the enthalpies of formation of the individual gaseous component ions are known 65, 66 then the enthalpy of formation of the isomegethic compound may usually be estimated, thus taking us into the full compass of the thermodynamics of the material concerned.
Single-ion values
Since it is seldom that all the desired thermodynamic values are available to generate the desired data, we have prepared sets of internally consistent single-ion values which may be used additively to generate otherwise absent data, collected in Table 4 . An early example of this procedure is provided by the work of Latimer 67, 68 in developing single ion entropy estimates.
An example set of predictive thermodynamic calculations:
We here provide a set of results for the material dipotassium hexachlorostannate, K 2 SnCl 6 , where we have deliberately selected the difficult case of a partially covalent material for which experimental thermodynamic values are available for comparison. This demonstrates some of the weaknesses of these predictive methods against some of their strengths in that they may provide a wide range of otherwise unavailable thermodynamic values. Simple salt approximation (SSA). Table 5 demonstrates the features of the ''Simple Salt Approximation'' in generating results by combining reaction components.
For the SSA to be accurate, it is necessary that the reaction to form product should yield zero (or small) thermodynamic differences. As may be seen from the final column in Table 5 , the reaction 2KCl + SnCl 4 -K 2 SnCl 6 produces non-zero differences, so that the SSA results (3rd last column) are not accurate, but may be useful as a general guide when the thermodynamic values are unknown.
Volume-based thermodynamics (VBT). VBT is a specifically ionic-based set of empirical procedures, correlated against strongly ionic materials such as simple halides and more complex oxides. We examine its application to K 2 SnCl 6 with its covalent central ion, SnCl 6 2À . The constants used in the following calculations are selected from Table 2 . Comment: the VBT value calculated for C p considerably exceeds the 9-atom limiting Neumann-Kopp value, which we propose is a preferred value (see Table 2 ). This suggests that the rigid covalent SnCl 6 2À structure corresponds to too-large a volume compared with a close-packed strictly ionic system. Correspondingly, the predicted entropy is also too large. By contrast, in calculating the lattice energy, any volume error is minimised by the use of a cube-root volume. Thermodynamics of new homopolyatomic cation salts of sulfur and selenium. A study designed to investigate hitherto unknown homopolyatomic cation species of sulfur and selenium (e.g., S had been to increase the cation size further and further but this study, guided by VBT, showed that there was very little gained by size increases beyond a critical level. Here VBT played a defining role in that it led to an abortion of certain synthetic work which was taking a particular (unfruitful) avenue of development.
78 and 79 
has been explained using volume-based thermodynamics, VBT.
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Use of VBT to identify thermodynamics of complex reactions and to assist in discerning the probable synthetic route of formation of products. This application illustrates the level of sophistication of the thermochemistry that can be dealt with using VBT. The thermodynamic difference rule and the thermodynamics of hydration (and solvation) of inorganic solids and the existence/absence of certain hydrates. The thermodynamics of the formation of solid and liquid inorganic hydrates and ammoniates was examined in this application, suggesting that hydration is always marginally thermodynamically favourable.
More detailed consideration further demonstrated that the mean value of D r G per mole of water addition, from anhydrous parent to hydrate within a sequence, increases consistently toward zero, becoming progressively less favorable as the degree of hydration, n, increases, and is also broadly independent of any structural features of the materials.
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VBT determination of ionicity or covalency within structures.
The question as to why [P(C Interpolation of thermodynamic data for sulfur compounds and use of VBT to examine possible synthetic routes and subsequent stability.
Using VBT the values of D f G led us to a tentative proposal for the synthesis of Na 
Conclusion
Neither volume-based thermodynamics (VBT) nor the thermodynamic difference rule (TDR), together with their supporting quantities, require a high level of computational expertise nor expensive high-performance computation tools -a spreadsheet will usually suffice -yet the techniques are extremely powerful and accessible to non-experts. Table 2 summarises correlation equations between formula unit volume, V m , and various thermodynamic properties, together with measures of anticipated errors. These correlation equations provide ready access to otherwise unavailable thermodynamic data, as also rapid checks of published data. The results should always be treated with appropriate caution by checking against known values for related materials.
Applications of volume-based thermodynamics, VBT, and the thermodynamic difference rule, TDR
In rough chronological order, we present a selection of applications of VBT and TDR which have enabled input, usually in the form of thermodynamics, to be brought to bear on a range of topical problems, often ''state of the art''. These present a diverse range of applications for our techniques. The message for the reader is that: VBT and TDR can be applied in numerous situations; Their application can lead to surprising new results as well as confirmatory ones;
The basic application is usually very straightforward (Table 6 ).
